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The impedance of a vertical monopole placed over the surface of an imperfectly con- 
ducting earth and having a radial-wire ground system has been studied theoretically by 
J. R. Wait. An experimental investigation discussed in part I of this paper gave results in 
good agreement with Wait's theory. Part II presented calculations based on Wait's theory 
showing the behavior of antenna impedance as a function of antenna height, top loading, 
and number, size and length of radial wires. Part III concludes this study with a presenta- 
tion of calculations showing the ('(feet of the earth conductivity and permittivity on the 
antenna impedance. 



1. Introduction 

A vertical monopole antenna over an imperfectly 
conducting ground excites currents in the ground 
near the base of the antenna. The consequences of 
these currents are a substantial loss of power and a 
low antenna system efficiency. These undesirable 
effects can be diminished by lowering the effective 
surface impedance of the ground in the vicinity of the 
antenna. This in turn, can be accomplished by plac- 
ing a metallic disk at the surface (or slightly below 
the surface) of the ground at the base of the antenna 
or by the similar but more practical method in which 
the disk is replaced by a system of radial wires. The 
effect of a radial-wire ground system on the antenna 
base impedance has been analyzed theoretically by 
Wait and Pope [1954, 1955], and experimentally by 
the authors. The experimental investigations pro- 
duced results in reasonably good agreement with 
the theoretical work of Wait. This was reported in 
part I of this paper [Maley and King, 1962]. Al- 
though the experimental investigation was for a 
limited range of values of antenna system param- 
eters, the success of Wait's formulas in predicting 
the effect of the radial-wire ground system upon the 
monopole base impedance for these special cases was 
considered adequate proof of the validity of the 
formulas. 2 It was then decided to make an extensive 
set of calculations from Wait's formulas for the range 
of values of the parameters which would most com- 
monly occur in actual antenna systems. 3 Typical 
results of the first phase of these calculations were 
presented in the form of graphs in part II of this 



> Pari I appealed in .! . lies. \ BS <><>!) (Radio Prop.) No. 2, 175-180 (Mar. 
Apr. 1982); part II appeared in Radio Sci. J. Res. NBS/USNC-URSI 68D, 
No. 2, 159-165 (Feb. 19(54). 

2 For the configuration considered, the ground losses were primarily H-fleld 
losses [Wait, 1958]. The calculations in this paper consider only these losses. 
\ more complete set of curves as well as a tabulation of data will appear in a 
scientific report to he published. 



paper [Maley and King, 1904]. This was an analysis 
of the effects of monopole height, top loading, and 
number, length, and size of the radial wires on the 
antenna impedance. It was shown that, in general, 
there is little to be gained by using a number of 
radials, N, in excess of approximately 250 and that 
the normalized system radius, J/X, rarely needs to be 
greater than 0.2 wavelength. The impedance. 
Z, is a rapidly varying function of b/X for small 
values of b/\. The real part of the antenna im- 
pedance is a monotonic increasing function of both 
the antenna height, h/\, and the top-loading param- 
eter, a; this is due to the increase of radiated 
power. 

In this concluding pari of the paper, an analysis 
is made of the effects of earth parameters. Calcu- 
lated values of impedance are plotted as a function 
of the various ground system and antenna param- 
eters. These calculations considerably extend those 
given by Wait and Pope [1955], who employed a 
combination of analytical and graphical procedures 
to evaluate the integrals. 

2. Theory 

The monopole base impedance, Z, as formulated 
by Wait and Pope [1954], and used throughout this 
paper, is given by 4 the approximate relation 

Z^Z-+^ f r, e (r)[H;(r,0)frdr 

1 o J a 

+w r n g [H;(r,0)frdr. (1) 

1 J h 

It should be stressed that this formula is only valid 
if b is somewhat greater than a "skin depth" in the 
ground. 

4 The rationalized M KS System of units is used throughout, and the time de* 
pendence is e iut . 
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Figure 1. Sketch of antenna system geometry. 



The geometry of the system is shown in figure 1, 
Z 00 is the monopole base impedance which would 
exist if the ground were perfectly conducting. 
H%(r, 0) is the tangential magnetic field for the same 
condition assuming an antenna base current of / ; it 
is given by 



H;(r, 0)=—^- - cos (#-«)- 

2tt sin a[_ r 



cos a 



ihe~ i&p . 



pr 



BinG8&-a)]> (2) 



h is the actual antenna height; /3=2tt/\; A is the free 
space wavelength and p=(r 2 -{-h 2 ) 1/2 . a is the top- 
loading parameter for the assumed sinusoidal antenna 
current distribution, 



m- 



r sin (a—Pz) 



sin a 



(3) 



which is valid for this antenna. The virtual antenna 
height is h-\-h'; so oL=f$(h-\-h f ) and lies in the range 
27rA/X<«<7r/2, the lower and upper limits cor- 
responding to h' = and full top-loading respectively. 
ri e (r) is the assumed effective surface impedance in 
the region a<jf<Cb; it is given by [Wait, 1954] 



VgVn 



Vg+Vu 



where 



and 
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(4) 



(5) 



(6) 



t]q is the intrinsic impedance of free space and c is the 
radius of the wire. 
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Figure 2. 8' versus o- for various frequencies. 
(Use (9) to get 8.) 



3. Calculations 

Calculations were made from (1) for AZ, which 
is defined as AZ=Z—Z™. Thus, it is the amount 
by which the actual impedance differs from that 
for the ideal case of a perfectly conducting ground 
plane. The real and imaginary parts of AZ are 
AH and AX respectively. 

The permittivity e 2 and conductivity a of the 
imperfectly conducting earth are accounted for in 
the parameter 8 which can be defined in terms of rj g ; 






=-yW, (7) 



where e = 6 2 /eo is the dielectric constant and 



Also 



5 'Li+i(5') 2 J 



where 



*=i tan-' [(5')H 



(8) 

(9) 

(10) 



If (<5') 2 €<<1, then i/^0 which corresponds to a 
highly conducting earth and negligible displacement 
currents, and if (5') 2 e>>l, ^~7r/4 which corresponds 
to large displacement currents and negligible con- 
duction currents. Figure 2 [Wait, 1954 and 1955] 
may be used to determine 5' in (8) for known 
frequencies and conductivities. Equations (9) and 
(10) may then be used to calculate 5. 

The ranges of 8 and yp were chosen to be 0.01 < |5| < 
0.3 and 0<^<7r/4. Figures 3 through 7 show the 
effect of varying either |5| or \p for commonly used 
values of N and C=c/\ of 100 and 10~ 6 respectively. 
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4. Conclusions 

Figure 3 shows how the real and imaginary parts 
of AZ^AR+iAX vary with ground system radius 
b/\ using § as a parameter with ^=0. Note that 
for certain values of b/X, \8\ has very little effect 
on Ah\ and for other values it has little effect on 
AX. A somewhat more meaningful presentation 
of the data is given in figures 4a, b, and c. These 
show that the variation of AR with 8 is much more 
rapid for small b/\ and is proportional to V//°" 
except for very small values of 8. Again, one of the 
conclusions of part II is reached, namely that AZ 
is nearly independent of the earth parameters for 
b/\ greater than about 0.20. 

A comparison of the two parts of figures 4a and b 
shows that if the top-loading is increased AR increases 
resulting in a greater power radiated by the antenna. 
Similarly, comparing figures 4a, b, and c for a=7r/2 
shows that AR varies over an increasingly larger 
range as a function of 8 with increasing antenna 
height. Part II shows that the variation of AR 
with h/\ is nearly proportional to K(h/X) k , where K 
and k are constant, especially for h/\ less than 0.10 
and no top loading. 

Figure 4c shows AR for JV^lOO and A T = oo and 
the indicated system and ground parameters. 
Typically, the results are seen to be nearly the same 
for the two values of A T if b/\ is less than 0.10, the 
difference being greatest for large a (small 8). The 
reason for this is that the distance between adjacent 
radials at r/X>0.10 becomes so large that the 
radials are nearly ineffective. To make the radials 
effective at r/\^>QA0 requires an increased number 
of radials . 

Some of the data for AH in figures 4a, b, and c 
was plotted on figure 5. This shows that for a 
specified AR, b/\ is nearly proportional to |5|. It is 
evident that for small 8 (large a) a further increase 
of a can have a considerable effect upon the value 
of b/\ necessary for a given AR, especially when AR 
itself is small. Thus, it is distinctly advantageous 




Figure 3. AR and AX versus length of radial wires for selected 
values of 8 and \p = 0. 
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Figure 4. AR versus 8 for ^=0 with b/X and a as the parameters. 
(a) ft/X=0.05, (b) h/\=0.10, (c) ft/X=0.25. 
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Figure 5. b/X versus S for selected values of AR and three values 
of h/X. 




Figuke 6. AR and AX versus b/X for selected values of \p. 
^=0 corresponds to a highly conducting earth, and ^=7r/4 corresponds to a 
arge proportion of ground displacement currents to conduction currents. 

to locate the antenna over a highly conducting 
ground because the length of the radials can then be 
made smaller. For example, for A/\=0.10 and AR 
= 2.0 and the parameters specified for figure 5, 6/X 
can be decreased by a factor of 10 when a is increased 
by a factor of approximately 13. 

Figures 6 and 7 show the effect of \p on the antenna 
impedance. The former shows that AX is generally 
affected much more than AR as x// increases especially 
for small b/\. Increasing \p corresponds to decreasing 
conduction currents as compared to displacement 
currents. Note that AR is hardly affected by changes 
in \p at certain values of b/\ and AX is hardly affected 
at other values of b/\. The fact that AR is a slowly 
varying function of \p is more clearly seen in figures 
7a and b. Again, it is evident that AR is affected 
very little for large 6/X. Comparison of the two 
parts of figures 7a and b show that the antenna 
height has considerably more influence on AR than 
\p does. 

Although figures 6 and 7 may be useful for design 
purposes, they must be interpreted with caution since 
\[/ cannot be varied without simultaneously varying 
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Figure 7. AR versus \f/ for select 

(a) [51=0.10, (b) |5|=0.20. 




I values of b/X and h/X 



|5| due to the nature of (9). Cases where \[/ is large 
are generally only of academic interest. 

In summary, the following general conclusions can 
be made concerning antenna systems in which the 
ground power losses are predominately H-field 
losses: 

1. It is usually not necessary to have a number of 
radials, N, in excess of approximately 250. However, 
when the length of the radials is large (which seldom 
happens) there is a definite advantage for using a 
large value of N. 

2. Antenna system efficiency is increased by in- 
creasing the length of the radial wires, but the effect 
is small for increases beyond a certain limit which 
depends upon A T , h, a and |5|. It is rarely worthwhile 
to make 6/X>0.2. 

3. Changes in the size of the radial wires, within 
the range considered, have little effect on antenna 
impedance. 

4. Increasing the antenna height and/or top-load- 
ing results in increased antenna resistance. 

5. The incremental antenna resistance, AR, is ap- 
proximately directly proportional to -yJJJcr. Location 
of the antenna over a highly conducting earth has a 
definite advantage over locating it over a poorly con- 
ducting earth. 

6. If |5| is kept constant and the angle \p is allowed 
to change the antenna resistance is effected very little 
while its reactance may change considerably. In- 
creasing \[/ corresponds to increasing the proportion 
of displacement currents to conduction currents. 
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